Abstract The supply of unfiltered disinfected drinking water from Melbourne's fully protected catchments means that the water-quality managers must ensure that the source water poses no public health risk. High turbidity is currently used as a surrogate of pathogens, and harvesting of water is based on its measurement. The work presented here summarises suspended particle and associated pathogen, microbial indicator and faecal biomarker concentrations collected to (a) quantify turbidity in an Australian water supply system and (b) assess the possibility of increasing water harvesting from selected tributaries. Pathogens and microbial indicators were present in low numbers in these source waters; increased turbidity during storm events was not associated with an increase in pathogen concentration. The results confirmed that protected catchments, along with good management, were effective barriers to pathogen contamination. Aesthetic issues still need to be addressed, but no measurable increase in microbiological risk was associated with storm-generated particles.
Introduction
Melbourne Water supplies disinfected but unfiltered drinking water to over 3 million people from fully protected catchments of the upper Yarra River, eastern Victoria, Australia. The recognition that protozoan pathogens, particularly Cryptosporidium, are resistant to disinfection by chlorine, requires water-quality managers to ensure that the source water poses no significant public health risk (Ashbolt et al., 2001) . Currently, the main quality indicator used to manage these source waters is turbidity, as high turbidity has been proposed as a surrogate for pathogens (LeChevallier et al., 1998) and is also associated with aesthetic issues. Daily grab and in-line turbidity monitoring is undertaken in five Yarra River catchments and within the transfer system. Based on this monitoring, harvesting of water from the three small catchment weirpools is restricted. Specifically, water is not harvested if turbidity or apparent colour are >10 NTU or >40 Pt Co Units (PCU) respectively, or during and after periods of heavy rain. This conservative approach significantly decreases available yield.
Melbourne is currently experiencing water shortages as a result of increasing population and seven years of below-average rainfall. It has, thus, become essential to assess whether water of a higher turbidity might be harvested without compromising health and aesthetic quality. This paper presents turbidity means and variance for the Yarra tributaries, likely source(s), and associated concentrations of microbial indicators, pathogens and faecal biomarkers. It provides an initial assessment of whether high turbidity equates to high faecal matter inputs, and is the first stage in the development of a more scientifically based system for water harvesting and an understanding of the best use of particle concentration measurements.
Water quality was measured through two separate research/water-quality monitoring programs. Firstly, water at key sites on O'Shannassy River and McMahon's Creek were studied as part of a national source water-quality assessment study organised and funded through the Cooperative Research Centre for Water Quality and Treatment (CRC) . The second was a three-year basic water-testing programme carried out by Melbourne Water. Neither programme was designed specifically to investigate increased water harvesting. Rather, both were aimed at providing inputs for a database of Melbourne's source water quality and its variance with time, between samples, within catchments, between catchments, under varying flow regimes and between land-uses. However, a subsidiary aim of the CRC work was to trial the use of this data for pathogen management.
Materials and methods
The study system, Yarra-Silvan, comprised five protected catchments, including a 200,000 ML reservoir (Upper Yarra), a 3,100 ML reservoir (O'Shannassy) and three small weirs (Armstrong, Starvation and McMahon's Creeks). Water was transferred via an open aqueduct and a closed pipeline to Silvan Reservoir which supplied 80% of Melbourne's drinking water (Figure 1 ). Typical daily contributions to total aqueduct/pipeline flow of 650 ML from the five supplies were 63%, 27%, 5.5%, 3% and 1.5% respectively.
Sampling involved three distinct activities. Source water quality measurements were undertaken at key sites during dry weather and high run-off periods. Within the transfer system two "reconnaissance" sampling surveys (USDA, 1996) were undertaken in addition to weekly turbidity and colour measurements. As high turbidity and colour were reported as being associated with high rainfall, the reconnaissance surveys were undertaken during high rainfall (17 mm and 11 mm in 24 h recorded at O'Shannassy Reservoir for runs 1 and 2 respectively). Finally, divers collected sediment samples from the floors of O'Shannassy Reservoir and McMahon's Creek weirpool during periods of low flow.
CRC key site sampling involved the measurement of pathogens (Cryptosporidium spp., Giardia spp. and Campylobacter spp.), microbiological indicators (Escherichia coli, enterococci, Clostridium perfringens and somatic coliphage), particle-bound faecal sterols and related lipid biomarkers (Leeming et al., 1998) , physicochemical parameters including turbidity and particle volume profiles, total and by size band (Malvern Mastersizer E, Worcestershire, UK). The Melbourne Water-based study was a three-year monitoring program involving weekly measurement of turbidity and colour at representative locations in the catchments and the transfer system and microbial indicator measurements (E. coli, enterococci, C. perfringens, total coliforms) at the CRC key sites. Most analyses were undertaken by Water EcoSciences Pty Ltd, Mt Waverly, Melbourne .
Results and discussion
What is the health risk of storm run-off in protected catchments?
Concentrations of pathogens, microbial indicators and biomarkers were relatively low for a source water (Table 1) (Leeming et al., 1998; Ashbolt et al., 2002) . Weekly geometric means of E. coli were ~20 MPN/100 mL. Higher counts were encountered during storm events but the maximum (six events, 12 samples per event) was still only 2,500 E. coli MPN/100 mL. By comparison, maximum concentrations in impacted catchments in the CRC study exceeded 100,000 CFU/100 mL and mean values were similarly elevated. Pathogens were rarely detected. Only one confirmed Cryptosporidium oocyst was detected in 40 samples (Table 1) taken from upstream key sites despite satisfactory recovery rates (14-46%) of ColorSeed™ spikes . No Giardia were detected. Campylobacters were detected in 6/54 samples, but, in all cases, bar one, were at the assay detection limit (presence in a 300 mL sample). Somatic coliphages were assayed to assess how durable virus-sized particles were in the forest environment. Unlike impacted catchments, no somatic phages were detected in any samples at the detection limit (1 PFU/100 mL). These results confirmed how effective protected catchments and good management are as barriers to contamination. Water quality at the reconnaissance sampling sites was consistent with that at key sites (Table 2 ). Microbial indicator, particle size and biomarkers were elevated during storm events; however, they appeared generally lower in the transfer system than upstream of weirs, indicating that the weirs provided a protective effect, probably through sedimentation.
Consistent with the higher rainfall the first reconnaissance sampling run showed markedly higher analyte concentrations than the second. The effect of the O'Shannassy River supply on the main aqueduct/pipeline particle load was evident from comparison of the particle concentration and size profile, and the biomarker composition of samples taken from the aqueduct at the Junction and at Silvan Reservoir (Figure 1) . However, the concentrations in the conduit were still much lower than observed upstream of the impoundments and the increase in indicator concentration entering Silvan reservoir was only marginal. Overall the data indicated that dilution and probably sedimentation strongly buffered the impact of the smaller tributaries on overall supply-water quality.
Where do the particulates in the supply water come from?
Turbidity is not easily related to upstream sources necessitating the collection of other particle-related data. Two techniques that can provide such information are filterable lipid biomarker analyses and particle size profiling (which provides concentration estimates by size band). Analyses of reconnaissance samples, especially from Run 1, showed that the K. Cinque et al. Notes: 1 between sample variance expressed as 1 SD of log-transformed data; 2 remainder were <1; 3 one sample had one confirmed oocyst in 10 L (unadjusted for recovery); 4 one sample with 11 ng/L turbidity detected at Silvan Reservoir came predominantly from the O'Shannassy catchment, although it contributed only ~30% of total flow. Comparison of weir sediments (Table 3) with key site and reconnaissance water samples showed that this particulate material most likely came from the surface water or reservoir water column. The biomarker epicholestanol was found in the O'Shannassy Reservoir sediments in concentrations comparable to coprostanol, but was either undetected or present only infrequently in trace amounts in water samples. Furthermore, microbial indicator concentrations in the tributaries were also consistent with surface water rather than sediment sources. The presence of E. coli, and relative paucity of C. perfringens, in reconnaissance samples also supported the notion that sediment was not being mobilised and that turbidity was predominantly from run-off upstream.
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1 When possible two samples were taken 0.5-4 h apart to assess within-event variance 17,000 (0.3) 6,600 (0.2) Ethylcholesterol (ng/g dry weight)
137,000 (0.1) 44,000 (0.1) Cholestanol (ng/g dry weight)
10,000 (0.14) 1,300 (0.06) Epicholestanol (ng/g dry weight)
890 (0.15) 34 (0.4) Phytol (ng/g dry weight)
26,000 (0.11) 10,000 (0.23)
Source of particles
Biomarker analyses were used to assess whether coprostanol and 24-ethylcoprostanol were likely to be of faecal origin. Comparison of the relative quantities of these β-stanols with the α-stanol counterparts (e.g. cholestanol) and the cholesterols showed that most, if not all, of even the low quantities detected were most likely due to ex-vivo thermodynamically stable isomer production rather than from mammalian faeces (Leeming et al., 1998) .
What is the value of turbidity monitoring?
The absence of high pathogen numbers, or clear evidence of faecal material, in the source waters indicated that elevated turbidity was not a good measure of pathogen presence. The current policy of not harvesting the weirs during rainfall events due to a perceived health risk was not supported by the results, and, consequently, harvesting of water should not be based on current turbidity criteria. The need not to equate high turbidity with the presence of pathogens was supported by the detection in impacted catchments of protozoan pathogens in waters with a turbidity of <10 NTU during dry weather (Ashbolt et al., 2003) .
Conclusions
Overall, the work supported the contention that Melbourne's protected catchments provided an effective barrier to contamination and there was no clear pathogen risk associated with particulates. Not allowing human activity in drinking-water catchments appeared to result in generally low levels of contamination in the water. This was a significant risk management outcome, as catchments are a major component of the multi-barrier management adopted by Melbourne Water in its Hazard Analysis and Critical Control Point (HACCP) system. Sampling regimes should be reviewed. Further characterisation of catchment and transfer system behaviour during high rainfalls is desirable. Given that the weirs probably provide a barrier to contamination, they may be preferable to upstream sites for baseline monitoring. The impact of extreme storms remains to be assessed, but this does not exclude water harvesting from intermediate-sized events. As turbidity does not directly imply high pathogen likelihood, its measurement is seen as less significant, although aesthetic issues still need addressing. More quantification is required of dilution, pathogen removal and particle immobilisation.
